1. Introduction {#sec1}
===============

Fibroblast activation protein (also known as FAPα or seprase) is a serine oligopeptidase that was originally identified in 1986 as an inducible cell surface glycoprotein F19 [@bib1] and renamed FAP in 1994 based upon its abundance in activated fibroblasts [@bib2]. Subsequently, FAP expression was observed on a variety of cell surfaces in adult tissues [@bib3] and also detected in plasma in a soluble form that lacks the transmembrane domain [@bib4]. Structurally, FAP belongs to the same di-peptidyl protease (DPP) subfamily as DPP4 that also includes DPP2, DPP8, and DPP9 [@bib5]. The enzymatically active form of FAP is purported to be a 170 kD homodimer. FAP is a post-proline dipeptidase but unlike other members of the DPP4 family can also function as an endopeptidase. As such, FAP degrades gelatin and type 1 collagen, as well as several neuropeptides, including B-type natriuretic peptide, peptide YY and substance P [@bib6]. The enrichment of FAP in fibroblasts associated with epithelial malignancies led to the hypothesis that this enzyme may promote oncogenesis [@bib7] via remodeling of the cancer cell microenvironment [@bib8]. Inhibition of FAP impedes tumor progression in various animal models [@bib9], [@bib10], but only limited efficacy was observed in cancer patients treated with FAP inhibitors [@bib11], [@bib12].

DPP4 serves as a protease that has been successfully inhibited to clinically lower blood glucose. It shares 48% sequence identity with FAP [@bib13]. However, the role of FAP in metabolic regulation has not been studied but some of the known substrates of this enzyme suggest a potential connection. Recently, neuropeptide Y was reported as a physiological substrate of FAP linking it to liver disease [@bib14]. Fibroblast Growth Factor 21 (FGF21), a powerful metabolic regulator in animals and man [@bib15], has also recently been demonstrated to be inactivated by FAP cleavage [@bib16], [@bib17], [@bib18]. But the most resounding evidence for FAP involvement in metabolic regulation derives from genetics and the reported phenotype of FAP deficient mice. On normal chow, these animals are indistinguishable from their wild type littermates [@bib19]. However, fed a high fat diet (HFD) they remain lean, glucose tolerant and insulin sensitive. The resistance to diet-induced obesity prompted by the targeted ablation of FAP is comparable in magnitude to what is observed in DPP4 null mice [@bib20]. It thus seems plausible that medicinal inhibition of FAP enzymatic activity might improve metabolism, but this prospect has yet to be explored.

We have pursued the role of FAP in metabolic regulation in mice by application of a well-established oral FAP inhibitor, named talabostat (or PT-100) [@bib21]. We observed in DIO mice that TB robustly lowers body weight, blood glucose, plasma insulin and total cholesterol while improving glucose tolerance and insulin sensitivity. In contrast, these effects are much diminished in lean mice. We also found that TB elevates FGF21 levels in plasma of DIO but not in lean mice. Furthermore, the metabolic efficacy of TB is not observed in animals with tamoxifen-induced deletion of FGF21. We also confirmed that FGF21 is an FAP substrate *in vitro*, acting alone to process the terminal ends of the human protein but inhibited by TB. Mouse FGF21 was observed to be selectively cleaved by FAP at the N-terminus, consistent with previously reported results [@bib17].

Finally, and given that TB may inhibit other DPP4-like enzymes [@bib21], [@bib22] we also evaluated the role of incretins in propagating TB in vivo effects. Importantly, and in contrast to FGF21 elevation, no apparent change in total and intact GLP1 plasma levels was observed in TB-treated DIO mice. Furthermore, TB was fully efficacious in GIP-R null mice. Its metabolic effects, however, were partially attenuated in GLP1-R knockout animals suggestive that in addition to FGF21 action GLP1 signaling fractionally contributes to TB in vivo pharmacology.

Collectively, our results indicate FAP modulates FGF21 biology, and that inhibition of this enzyme alone or in combination with DPP4 represents a novel approach to treat metabolic disease.

2. Materials and methods {#sec2}
========================

2.1. Reagents {#sec2.1}
-------------

Talabostat was obtained from Wuhan Golden Wing Industry & Trade Co., Ltd. All other reagents were purchased from Sigma unless otherwise stated.

2.2. FGF21 expression and purification {#sec2.2}
--------------------------------------

The human FGF21 gene sequence was optimized based on *E. coli* preferred codons and was synthesized by Integrated DNA Technologies. LIC-SUMO vector was used as an expression vector, which was modified from pet21b (Novagen) by inserting yeast small ubiquitin-like modifier (SUMO) sequence after 6XHis tag and the deletion of MCS region. Amplified LIC-Sumo vector and FGF21 gene fragment were mixed together, treated using In-Fusion HD EcoDry Cloning Plus systems kit and transfected into stellar *E. coli* competent cells (both Clontech). Positive clones were selected on ampicillin/LB agar plate with single colonies picked to amplify plasmids with QIA prep miniprep kit (Qiagen). Plasmid inserts were confirmed by sequencing. Plasmids containing correct sequence were denoted as LIC-SUMO-hFGF21 and used to express FGF21 protein. To do so, the expression vector was transfected into OrigamiB (DE3) *E. coli* cells (Novagen). Transformants were grown in Luria--Bertani (LB) medium containing 50 μg/ml of ampicillin, 25 μg/ml of kanamycin and 5 μg/ml tetracycline at 37 °C until OD~600nm~ of 0.8--1 was reached. At that point the culture temperature was decreased to 25 °C, and isopropyl-D-thiogalactoside (IPTG) at 0.2 mM was added to induce expression. Cells were cultured overnight, and then harvested by centrifugation.

Cell pellets were re-suspended in lysis buffer (20 mM Tris, pH 8.0, 300 mM NaCl, 10 mM imidazole), and sonicated. Lysates were centrifuged at 15,000 rpm for 30 min, and supernatant was loaded onto Ni-NTA column (Qiagen) that were pre-equilibrated with lysis buffer. The column was then washed with 20 mM Tris, pH 8.0, 300 mM NaCl, 20 mM imidazole buffer, and SUMO-FGF21 fusion protein was eluted from the affinity matrix using the buffer containing 20 mM Tris, pH 8.0, 300 mM NaCl, and 500 mM imidazole. SUMO protease was added to the eluate and incubated at 4 °C overnight. The buffer in the digested sample was changed to 20 mM Tris, pH 8.0, and 10% glycerol buffer using Sephadex G-25 desalting column (GE Healthcare), and the protein was purified by Q-Sepharose column (GE Healthcare). The FGF21 protein was eluted from the column using a 50--300 mM NaCl gradient. The fractions were analyzed by SDS-PAGE, and those containing pure FGF21 were collectively pooled. Endotoxin was removed from all FGF21 protein preparations using ToxinEraser™ Endotoxin Removal Kit (GenScript). FGF21 protein that was used in these studies was \>95% pure and had endotoxin levels of \<0.5 IU/mg of protein or lower.

2.3. Western blotting {#sec2.3}
---------------------

Western blots were performed to analyze the ability of FAP to cleave FGF21 at both N- and C-termini. To this end, 25 μM FGF21 protein was incubated with 125 nM FAP enzyme (R&D Systems) at 37 °C for the prescribed times (0, 30, 60 or 90 min) in the presence or absence of 10 μM of Talabostat. The reaction was stopped by addition of Laemmli buffer (Bio-Rad) and heated at 95 ˚C for 10 min. Samples were subjected to electrophoresis using Mini-PROTEAN TGX 8--16% gel (Bio-Rad) and electro transferred to nitrocellulose membrane (Bio-Rad). The membrane was blocked for 30 min with Membrane blocking solution (Invitrogen) and subsequently probed with respective antibody at room temperature for 4 h. Antibodies used were total, and anti N- and C-terminus specific (Eagle Biosciences). Membranes were incubated overnight with respective HRP conjugated secondary antibody (R&D Systems) at 4 °C and washed with TBST 5 times for 20 min each. The membrane was dipped in Clarity ECL solution (Bio-Rad) and imaged by exposing the blot to an X-ray film.

2.4. Liquid chromatography--mass spectrometry (LC--MS) {#sec2.4}
------------------------------------------------------

In order to check whether mouse FGF21 is susceptible to FAP cleavage, 25 μM mouse FGF21 protein was incubated with or without 125 nM recombinant human FAP (R&D systems) at 37 °C. The protein samples were analyzed by LC--MS (Agilent 1260 Infinity coupled with Agilent 6120 Quadrupole mass spectrometer). 10 μg of protein was analyzed by RP C8 column (kinetex, 2.6 μm, 75 × 4.6 mm) with a linear gradient from 10% aqueous acetonitrile (0.05% TFA) to 80% aqueous acetonitrile (0.05% TFA) over 10 min at a flow rate of 1.0 ml/min.

2.5. Animals and diets {#sec2.5}
----------------------

### 2.5.1. Lean and DIO mice {#sec2.5.1}

Eight-week old male C57BL/6J mice (Jackson Laboratories) were given *ad libitum* access to either a chow diet (lean mice), or a high-fat high-sugar diet (HFD, DIO mice) containing 58% kcal from fat (D12331; Research Diets). The mice were maintained at 22 °C on a 12-h light--dark cycle with free access to water. All animals were maintained on such conditions for a minimum of 3 months prior to initiation of the pharmacological studies. Before the beginning of the studies, mice were randomized into treatment groups according to body weight and body composition. All injections and tests were performed during the light cycle with a group size of *n* = 8.

### 2.5.2. FGF21^del^, GLP1-R and GIP-R knockout mice {#sec2.5.2}

Male FGF21 floxed and tamoxifen inducible *GtRosaER*-Cre mice were obtained from Jackson Laboratories (stocks \#022361 and \#008463, respectively). Mice were fed a standard chow diet from weaning and then switched to HFD at 10--12 weeks of age. After 10 weeks of HFD lead-in, all mice received three sequential tamoxifen injections (intraperitoneal); 1 mg dose at a concentration of 10 mg/ml in corn oil (Sigma--Aldrich) separated by 48 h each. FGF21-deficiency was induced only in mice containing both floxed and Cre alleles (FGF21^Δ/Δ^), while animals with only floxed and Cre alleles served as littermate controls. Pharmacological experiments using these FGF21^del^ mice were performed 2 weeks after the last tamoxifen administration and during the light cycle.

GIP-R null mice were purchased from RIKEN.

GLP1-R knockout mice were a gift from Dan J. Drucker\'s laboratory.

2.6. Ethical approvals {#sec2.6}
----------------------

All animal studies were approved by and performed according to the guidelines of the Institutional Animal Care and Use Committee of the University of Alabama (Birmingham, USA), University of Cincinnati (Cincinnati, USA) and the Helmholtz Zentrum Munchen (Munich, Germany).

2.7. Pharmacological and metabolic studies {#sec2.7}
------------------------------------------

### 2.7.1. Acute TB studies {#sec2.7.1}

For the determination of the acute effects of TB on basal glucose levels and food consumption, DIO mice were treated with single doses of the FAP inhibitor. TB was dissolved in sterile phosphate buffered saline (PBS) containing 0.5% 2-hydroxyethyl cellulose (HEC, Sigma Aldrich) and administered at 0.04, 0.2, 1 and 5 mg/kg body weight doses via oral gavage. Tail blood glucose concentrations were determined using a glucometer (TheraSense FreeStyle) before (0) and 1, 3, 6 and 24 h after TB administration. Food intake was also monitored 24 h upon single TB injection.

### 2.7.2. Chronic TB studies {#sec2.7.2}

TB dissolved in sterile phosphate buffered saline (PBS) containing 0.5% 2-hydroxyethyl cellulose (HEC, Sigma Aldrich) was administered via daily oral gavage during the first hours of the light cycle at the indicated doses. Body weight and food intake were recorded every day after the first compound administration. Body composition (fat and lean mass) was measured the day before study initiation and at the end of the experiment by using a nuclear magnetic resonance spectroscopy (EchoMRI). Assessment of energy expenditure and home-cage activity was performed using an indirect calorimetry system (TSE Systems). Following 48 h of adaptation, O~2~ consumption and CO~2~ production were measured every 10 min for a total of 40 h to determine the respiratory quotient and energy expenditure. Home-cage locomotor activity was determined using a multidimensional infrared light beam system integrated in the calorimetry system. All studies were performed with a group size of *n* = 8.

### 2.7.3. Glucose and insulin tolerance tests {#sec2.7.3}

For the determination of glucose tolerance following chronic treatment, mice were subjected to a glucose tolerance test on day 7 of treatment and 24 h after the last TB dose. Mice were fasted for 6 h, and subsequently they were injected intraperitoneally with 1.5 g glucose per kg body weight for DIO mice and orally with 2 g glucose per kg body weight for FGF21^del^ mice (20% w/v [d]{.smallcaps}-glucose (Sigma--Aldrich) in 0.9% w/v saline). Glucose levels were measured in blood collected from the tail veins before (0) and at 15, 30, 60 and 120 min post injection. Insulin sensitivity was assessed in 6 h-fasted mice following an ip injection of 0.75 U of insulin (Actrapid) per kg body weight. Blood glucose levels were measured before (0) and at 15, 30, 60 and 120 min after insulin administration. All glucose concentrations were measured using a handheld glucometer (TheraSense FreeStyle).

### 2.7.4. Blood parameters measurements {#sec2.7.4}

Blood was collected at the indicated times from tail veins or after euthanasia using EDTA-coated microvette tubes (Sarstedt), immediately placed on ice, centrifuged at 5,000 g and 4 °C for 10 min, and plasma was stored at −80 °C until analyzed. Plasma levels of insulin were quantified by using an ultrasensitive ELISA assay (ALPCO Diagnostics). Triglycerides and cholesterol levels in the collected fractions were determined by colorimetric assay (Thermo Fischer Scientific). Total and intact plasma FGF21 and GLP1 levels were measured using ELISA kits (R&D Systems (\#MF2100), Eagle Biosciences (\#F2131-K01), and EMD Millipore, respectively).

2.8. Statistical analyses {#sec2.8}
-------------------------

Statistical analyses were performed on data distributed in a normal pattern using one- or two-way ANOVA followed by Tukey post hoc multiple comparison analysis to determine statistical significance among treatment groups. Energy expenditure was analyzed using ANCOVA, with body weight as covariate as previously reported [@bib23]. All results are presented as mean ± SEM, and *P* \< 0.05 was considered significant. Group size estimations were based upon a power calculation to minimally yield an 80% chance to detect a significant difference in body weight of *P* \< 0.05.

3. Results {#sec3}
==========

To assess the metabolic consequences of FAP inhibition, we initially administered TB to DIO mice via oral gavage at a dose of 5 or 25 mg/kg. Each treatment induced approximately 8% body weight reduction within three days of administration ([Figure 1](#fig1){ref-type="fig"}A). Lowering of plasma glucose was also observed, even though the animals at the beginning of treatment were only mildly hyperglycemic ([Figure 1](#fig1){ref-type="fig"}B). The maximal effect on glucose was reached already after one day of dosing with animals exhibiting essentially normal glycemia through the two additional days of treatment ([Figure 1](#fig1){ref-type="fig"}B). TB administration also induced a profound reduction in food consumption, (data not shown). The absence of any apparent difference in the magnitude of change in body weight and blood glucose at either TB dose, as well as a significant attenuation of food intake suggested that these two initial doses were at the upper end of pharmacological testing and likely unnecessarily high.

Consequently, a dose titration (0.04, 0.2, 1 and 5 mg/kg) was conducted to measure time course of glucose lowering following a single dose of TB in comparably obese mice. The maximal effect on plasma glucose was observed at 6 h after oral gavage of TB, and it was not dose-dependent in these first hours. After 24 h, glucose lowering was enhanced at the 5 mg/kg dose, remained unchanged at 1 mg/kg, and trended back to baseline at the two lower doses ([Figure 1](#fig1){ref-type="fig"}C). Importantly, there was no significant effect of TB on food consumption at the two lowest doses and only a trend at 1 mg/kg ([Figure 1](#fig1){ref-type="fig"}D) but the highest tested TB dose dramatically reduced food intake in DIO mice when monitored within the first 24 h following initial administration ([Figure 1](#fig1){ref-type="fig"}D). This result comes consistent with the impressive pharmacological effects initially observed ([Figure 1](#fig1){ref-type="fig"}A and B). Collectively, our findings suggested that TB doses of less than 1 mg/kg could improve glucose control without changing food intake, and that higher doses might safely modulate body weight as there was no apparent toxicity throughout this dose range.

To more fully establish the therapeutic index of TB in DIO mice a more extended study employing a daily dose range of 0.03--1 mg/kg was conducted. Within the range of 0.03--0.3 mg/kg, the administration of FAP inhibitor for 16 days induced a subtle reduction in body weight of 3--5% ([Figure 2](#fig2){ref-type="fig"}A), with minimal effect on food intake ([Figure 2](#fig2){ref-type="fig"}B). There was also a trend to lowered adiposity, without affecting lean mass ([Figure 2](#fig2){ref-type="fig"}C). At a 1 mg/kg TB dose, animals lost 15% body weight and ∼12% of their adipose tissue ([Figure 2](#fig2){ref-type="fig"}A and C). Importantly, this highest TB dose did not affect lean mass ([Figure 2](#fig2){ref-type="fig"}C), while food consumption was significantly reduced to less than half of vehicle treated mice ([Figure 2](#fig2){ref-type="fig"}B).

The effect of chronic TB administration on glucose handling was assessed through an intraperitoneal glucose tolerance test (ipGTT) after chronic treatment had terminated. The ipGTT was performed at two doses of TB (0.3 and 1 mg/kg) that had delivered appreciable and differing effects on systemic metabolism. The high TB dose markedly improved glucose tolerance when compared to vehicle, and the lower dose was intermediate ([Figure 2](#fig2){ref-type="fig"}D). Glucose AUC through 120 min post glucose challenge was proportionally reduced in TB-treated mice in a dose-dependent manner ([Figure 2](#fig2){ref-type="fig"}E). Of particular importance, TB also lowered insulin level by half with the effect reaching a nadir at the lowest dose of 0.03 mg/kg ([Figure 2](#fig2){ref-type="fig"}F). This finding was indicative of TB-driven improvements in total body insulin sensitivity. To validate this point an insulin tolerance test was conducted at day 7 of treatment. A significantly enhanced sensitivity to insulin action was observed ([Figure 2](#fig2){ref-type="fig"}G), that was consistent with the improved glycemic control recorded earlier ([Figure 2](#fig2){ref-type="fig"}D and E). Of final note, a dose-dependent reduction in total cholesterol was demonstrated after 7 days of TB therapy ([Figure 2](#fig2){ref-type="fig"}H), without any apparent effect on triglycerides (data not shown).

Three recent reports link FAP activity to proteolytic degradation of FGF21 [@bib16], [@bib17], [@bib18]. Consequently, we measured the plasma levels of this metabolic regulator and GLP1, as TB can also inhibit DPP4 [@bib21]. Of note, after chronic administration TB induced a sizable dose-dependent elevation in FGF21 levels, with the effect on intact protein reaching a maximum increase of six-fold at the 0.3 mg/kg dose ([Figure 2](#fig2){ref-type="fig"}I). These results indicate that FAP inhibition in DIO mice promotes elevation of FGF21 circulating concentration by altering some combination of biosynthesis and metabolic clearance. In contrast to the effect on FGF21 there was relatively little to no modulation of total or intact GLP1 plasma levels ([Supplemental Figure 1](#appsec2){ref-type="sec"}), suggesting the latter to be of little consequence to the observed pharmacology of TB.

In light of these outcomes, and in the context of the well-known role of FGF21 to regulate energy homeostasis [@bib24], [@bib25], we investigated whether the weight-lowering effects of TB pharmacology might impose changes in energy expenditure. Supportive of this expectation, energy expenditure was observed to be elevated in mice administered the 1 mg/kg dose of TB, relative to vehicle-treated mice ([Figure 2](#fig2){ref-type="fig"}J). Consistent with the decreased fat mass ([Figure 2](#fig2){ref-type="fig"}C), TB treatment also lowered respiratory quotient versus the vehicle ([Figure 2](#fig2){ref-type="fig"}K) without any change in locomotor activity ([Supplemental Figure 2A and B](#appsec2){ref-type="sec"}) while oxygen consumption was increased ([Supplemental Figure 2C](#appsec2){ref-type="sec"}). This implies that FAP inhibition alters nutrient partitioning as a result of enhanced fat oxidation.

To evaluate the contribution of elevated plasma FGF21 on the metabolic effects of FAP inhibition, we treated FGF21 deficient mice (FGF21^del^) and their wild type littermates with TB. The existence of FGF21-deficiency in FGF21^del^ mice was confirmed in *ad libitum* and fasting conditions ([Supplemental Figure 3](#appsec2){ref-type="sec"}). In this study we used a single TB dose of 0.3 mg/kg as it had been validated as efficacious in our earlier experiments ([Figure 2](#fig2){ref-type="fig"}) and devoid of a food intake effect observed with TB treatment at the higher doses ([Figure 2](#fig2){ref-type="fig"}B). Through 7 days of TB treatment, wild type mice lost ∼3 g of body weight ([Figure 3](#fig3){ref-type="fig"}A) mainly via reductions in fat mass ([Figure 3](#fig3){ref-type="fig"}B) representing a nearly 10% reduction, which slightly exceeds prior observations in conventional DIO mice ([Figure 2](#fig2){ref-type="fig"}A). In contrast, TB failed to reduce body weight and adiposity in FGF21^del^ mice ([Figure 3](#fig3){ref-type="fig"}A and B). No TB effect on lean mass was observed in either strain of mice ([Figure 3](#fig3){ref-type="fig"}B).

Fasting glucose levels were elevated in FGF21^del^ mice relative to wild type littermates, which is consistent with the known physiology of FGF21 to regulate glucose homeostasis in rodents [@bib26], [@bib27]. Interestingly, TB induced a trend (P = 0.06) to lower fasted blood glucose in wild type mice ([Figure 3](#fig3){ref-type="fig"}C), and this effect was absent in FGF21^del^ animals ([Figure 3](#fig3){ref-type="fig"}C). Furthermore, when wild type TB-treated mice were subjected to an oral GTT on day 7 of study, they showed clear improvements in glucose disposal compared to vehicle-treated mice ([Figure 3](#fig3){ref-type="fig"}D--E). Collectively, the pharmacology associated with FAP inhibition on body weight, fasting glucose, and glucose tolerance was selectively absent in FGF21^del^ mice relative to their genetically unaltered littermates ([Figure 3](#fig3){ref-type="fig"}).

We also evaluated TB pharmacology in GIP-R and GLP1-R knockout mice at the same 0.3 mg/kg daily dose. Through 6 days of administration the metabolic effects of TB were fully retained in DIO animals with GIP-R ablation. Partial attenuation of TB efficacy to reduce body weight and food intake, but not plasma glucose was observed in GLP1-R null vs. wild type mice ([Supplemental Figures 4 and 5](#appsec2){ref-type="sec"}). This latter result was larger than predicted by the recorded changes in intact GLP1 and suggested that the changes recorded are contributing a meaningful, but fractional contribution to the observed pharmacology.

While the magnitude of weight loss in DIO mice was encouraging, it also raised the concern as to whether TB could induce unwanted reduction in lean mass in non-obese animals. To address this uncertainty the inhibitor in a dose range of 0.03--3 mg/kg was administered to lean mice of average weight 19 g for 12 days. At all doses tested, TB induced just a subtle reduction (0.5--1.5 g) in body weight ([Figure 4](#fig4){ref-type="fig"}A). This minor effect was also transient and observed only within the first 5 days of administration at 0.3, 1 and 3 mg/kg doses, with body weights returning with sustained administration to that of vehicle-treated mice. Noteworthy, in lean mice TB had no significant effect on food intake ([Figure 4](#fig4){ref-type="fig"}B), or body composition ([Figure 4](#fig4){ref-type="fig"}C), and did not induce hypoglycemia (data not shown). It should be noted that the TB dose range in this study at the high end exceeded doses that were efficacious in DIO animals ([Figure 2](#fig2){ref-type="fig"}). Additionally, there was no TB-dependent upregulation of plasma FGF21 levels in lean animals ([Figure 4](#fig4){ref-type="fig"}D), as observed in DIO mice ([Figure 2](#fig2){ref-type="fig"}I).

Our data in GIP-R and GLP1 null mice coupled with the lack of TB effects in FGF21-deficient animals ([Figure 3](#fig3){ref-type="fig"}, [Supplemental Figures 4 and 5](#appsec2){ref-type="sec"}) was suggestive that TB pharmacology is to a large degree dependent on FAP inhibition and its consequent effect on circulating FGF21 levels. To further this conclusion an enzymatic assay was used to confirm that FAP can digest human FGF21 at both the N- and C-termini, and that TB prevented such processing ([Figure 4](#fig4){ref-type="fig"}E). Furthermore, consistent with the work of others [@bib16], [@bib17], [@bib18] spiking of human FGF21 into mouse and human sera also led to FGF21 N- and C-terminal degradation, with FAP inhibition once again blocked the proteolytic processing (data not shown).

Finally, we subjected mouse FGF21 to an enzymatic FAP assay. While FAP does not cleave this protein at the C-terminus due to G170E substitution in the rodent sequence [@bib16], [@bib17], [@bib18], approximately 40% of the N-terminal tetrapeptide (YPIP) in mouse FGF21 was clipped by FAP after 3 h incubation confirming a prior report [@bib17]

4. Discussion {#sec4}
=============

FGF21 is a potent regulator of energy homeostasis in animals and in man. Pre-clinically FGF21 pharmacology provides multiple benefits which include glucose lowering, amelioration of obesity via reduced adiposity, normalization of lipids and improved longevity [@bib15]. When tested in diabetic patients FGF21-based analogs profoundly improve dyslipidemia, insulin resistance and lower body weight [@bib28], [@bib29], [@bib30].

The pharmacodynamic action of FGF21 is purportedly shortened by its proteolytic cleavage in plasma [@bib31] that renders the protein inactive [@bib32], [@bib33]. In the absence of knowing which enzymes are responsible for its inactivation, protein structural optimization has served to stabilize FGF21 analogs [@bib34], [@bib35].

The metabolic phenotype of FAP null mice when fed a high fat diet [@bib20] resembles that of FGF21 transgenic animals [@bib36], and as such recruited our attention to FAP as a potential candidate to inactivate FGF21. FAP is a classical N-terminal di-peptidase that can also function as a post-proline endopeptidase [@bib6]. N-terminal HPIP [@bib37] and post-proline cleavages (P171) [@bib31] are signature degradation points in human FGF21, and as such our interest in FAP as a candidate protease was deeply enriched.

To evaluate the impact of pharmacological FAP inactivation on metabolism, we used a previously described small molecule FAP inhibitor, talabostat (TB). It should be mentioned that this small molecule is not selective to FAP and may also inhibit other DPP4 peptidases [@bib21], [@bib22]. As DPP4 action is closely linked to incretin biology [@bib13], [@bib38], [@bib39], we have profiled TB effects in the animal models of GLP1 and GIP signaling deficiency to complement experimentation in naïve and FGF21 null mice. Finally, and of important note, TB was pursued earlier as an anti-cancer treatment and was found to be sufficiently safe to support repeat dose human clinical trials [@bib40]. In that regard, we believe it was doubly appealing to test TB as it provides an accelerated route for its use in an investigational human study.

Oral daily dosing of TB within the dose range of 0.1--1 mg/kg range led to profound and dose-dependent lowering of body weight, blood glucose and total cholesterol in DIO mice. These systemic metabolic improvements were correlated with enhancements of glucose tolerance and insulin sensitivity by direct measurements. An increase in energy expenditure without incidence of hypoglycemia was noted. The profound TB pharmacology observed in obese mice was considerably attenuated in lean animals, with only minimal effects on body weight, food intake and blood glucose at doses exceeding efficacious ones used in DIO mice. Importantly, these pharmacological observations are consistent with the phenotypes of FAP null and FGF21 transgenic mice when studied on chow vs. high fat diet, as well as lean and obese mice administered FGF21 [@bib20], [@bib36].

To further establish a connection between FAP and FGF21 we examined FGF21 circulating concentration in TB-treated animals. TB therapy elevates plasma FGF21 to therapeutically relevant levels in obese mice [@bib24], [@bib41] with the effect being more evident when the native form of FGF21 is measured. The presence of truncated forms of FGF21 in mouse plasma and the ability of TB to change the ratio between the levels of total and intact protein is worthy to mention in light of "FGF21 resistance" in obese animals [@bib42]. Finally, and consistent with the attenuated pharmacology there was however no apparent increase in FGF21 with TB treatment in lean mice, suggesting other downstream mediators associated with elevated body weight that may influence FGF21 biology. To note, no apparent modulation of either total or active GLP1 plasma levels was observed in this study, but this needs to be considered in the context of pharmacology in GLP1-R KO mice.

The increase in FGF21 expression and plasma levels can be induced by multiple stimuli [@bib43], and our results demonstrating selective FGF21 elevation with TB in DIO animals relative to lean mice is a correlative observation deserving additional mechanistic attention [@bib44]. Nonetheless, to evaluate this observation we tested comparable FAP inhibition in FGF21^del^ mice. Noticeably, no TB effect on body weight, blood glucose and glucose tolerance was observed in FGF21-deficient mice. This further strengthens the argument that the metabolic improvements of FAP inhibition are causally connected to FGF21 action.

In the course of this work three independent reports demonstrated that FAP can degrade FGF21 *in vitro* [@bib16], [@bib17], [@bib18]. To confirm these observations, we evaluated the ability of FAP to cleave human and mouse FGF21 in a cell-free enzymatic assay. Using commercially available FGF21 antibodies we found that human FGF21 is clipped at both N- and C-termini when co-incubated with FAP enzyme, and this effect is totally blocked by TB. Similar results were obtained in adding human FGF21 to mouse and human serum, consistent with observations made in the recent reports [@bib16], [@bib17], [@bib18]. Thus, FAP cleaves the N-terminal HPIP sequence and ten C-terminal amino acids following Pro171 in human FGF21, with the latter truncation known to impair FGF21 activity [@bib32], [@bib33]. This enzyme, however, can only clip YPIP N-terminal sequence in mouse FGF21. Overall, our enzymatic data are consistent with the recent findings of others [@bib16], [@bib17], [@bib18] and establish FAP as a unique protease to cleave FGF21.

The mechanism behind TB-induced elevation in plasma FGF21 levels in obese mice is not known but worthy of a follow-up examination. While FGF21 is considered to be a starvation hormone [@bib45], [@bib46], [@bib47], the maximal FGF21 level was achieved at 0.3 mg/kg dose at which TB does not affect food intake in mice. Thus, it is sufficiently clear that the increase in FGF21 in our study is not related to undernutrition of such mice. Yet whether this effect is primarily driven by increased FGF21 production, inhibition of clearance, or some combination of the two remains an uncertainty. Given that C-terminal truncation greatly diminishes FGF21 interaction with its co-receptor KLB [@bib32] it is plausible that FAP inhibition may interfere with receptor-mediated clearance. However, it should be noted that the impact of C-terminal truncation alone on half-life in circulation is rather subtle [@bib18]. Also, it should be mentioned that mouse FGF21 is protected from cleavage at the C-terminus due to G170E mutation in rodents [@bib16], [@bib17], [@bib18], and yet we observed an elevation in endogenous FGF21 levels in obese mice ([Figure 2](#fig2){ref-type="fig"}I). Therefore it is reasonable to suspect that FAP-induced N-terminal clipping of FGF21 may constitute a primary signal affecting clearance of this protein in mice.

While TB is a non-selective FAP inhibitor [@bib21], [@bib22] the pharmacological effects of this small molecule are clearly not a simple function of DPP4-inhibition. In our study, TB affects metabolic parameters in wild-type DIO mice in an acute and chronic manner, and when pharmacological doses of 1 mg/kg or below are administered. In contrast, pharmacology of selective DPP4 inhibitors, such as sitagliptin, is complex in rodents and observed only at suprapharmacologic doses delivered for several weeks to an elaborate animal model [@bib39], or a glucose tolerance test is required [@bib13]. As opposed to FGF21, no apparent TB-dependent change in levels of GLP1, a natural DPP4 substrate, was observed in our report. Furthermore, TB pharmacology was also fully retained in GIP-R null mice, and lost in FGF21^del^ animals. Nevertheless, a measurable attenuation of TB effects in GLP1-R knockout animals toward body weight and food intake requires further evaluation and indeed is suggestive of an opportunity to simultaneously target FAP and DPP4 using combinational therapy or a "dual action" small molecule.

In summary, we demonstrate here that the FAP inhibitor, talabostat, as a single agent, provides body weight reduction, glucose control, insulin sensitization, cholesterol lowering, increased energy expenditure associated with elevated plasma FGF21 levels. The absence of any effect on glucose or weight reduction in FGF21-deficient mice supports our hypothesis that FGF21 is a central mediator of the efficacy delivered by TB therapy. All of these effects are substantially attenuated in lean mice suggesting the ability to selectively inhibit FAP without overt toxicity. Furthermore, the fact that TB has been used in human clinical study provides an accelerated path for translating these observations to a meaningful clinical experiment. We conclude that FAP inhibition offers appreciable promise as a novel therapeutic target for the treatment of abnormalities associated with Type 2 Diabetes and the metabolic syndrome. The success in inhibiting DPP4 provides precedent to this approach and conceivably could be used in combination with FAP inhibitors, or potentially as single molecules that serve to selectively inhibit precisely these two enzymes.
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Appendix A. Supplementary data {#appsec2}
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The following is the supplementary data related to this article:

**Supplemental Figure 1**. **Chronic FAP inhibition by TB does not impact locomotor activity, but increases oxygen consumption in DIO mice**. (**A**--**C**) Effects on (**A**) locomotor activity, (**B**) cumulative locomotor activity and (**C**) body weight-corrected oxygen consumption of male DIO mice treated daily with vehicle or TB (0.3 and 1 mg/kg). In **A** and **B**, shaded regions represent time during the dark cycle of light. Data are presented as mean ± SEM; n = 8; \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001, determined by ANOVA comparing effects following compound administration to vehicle treatment. ANOVA was followed by Tukey *post hoc* multiple comparison analysis to determine statistical significance. Oxygen consumption data were analyzed using ANCOVA, with body weight, fat mass and lean mass as covariates. *P* = 0.002 when compared the highest TB dose (1 mg/kg) to vehicle group. *P* = 0.003 when comparing vehicle and both TB doses.

**Supplemental Figure 2**. **Validation of the inducible FGF21 deficient model**. Plasma FGF21 concentration in wild type (WT) and inducible FGF21 (FGF21^del^) knockout mice in *ad libitum*-fed (bars 1 and 2) and fasting (bars 3 and 4) conditions. Data obtained 2 w after tamoxifen induction in 12-w old male mice. Data are presented as mean ± SEM; n = 3--4; \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001, determined by ANOVA comparing effects of FGF21 deletion to WT group in both metabolic conditions. ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, and ^\#\#\#^*P* \< 0.001, determined by ANOVA comparing effects of 24 h fasting to *ad libitum* WT group. In both comparisons, ANOVA was followed by Tukey *post hoc* multiple comparison analysis to determine statistical significance.

**Supplemental Figure 3**. **The weight and glycemic benefits of FAP inhibition by TB are present in GIPR**^**−/−**^ **mice**. (**A**--**C**) Effects on (**A**) body weight change, (**B**) food intake and (**C**) fasting blood glucose change of male GIPR^−/−^ mice treated daily with vehicle or TB (0.3 mg/kg) for 6 days. Data are presented as mean ± SEM; n = 8; \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001, determined by ANOVA comparing effects following compound administration to vehicle treatment in WT mice. ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, and ^\#\#\#^*P* \< 0.001, determined by ANOVA comparing effect of GIPR ablation to WT mice. ^\$^ *P* \< 0.05, ^\$\$^ *P* \< 0.01, and ^\$\$\$^ *P* \< 0.001, determined by ANOVA comparing effect following compound administration to vehicle treatment in GIPR^−/−^ mice. In all comparisons, ANOVA was followed by Tukey *post hoc* multiple comparison analysis to determine statistical significance.

**Supplemental Figure 4**. **The metabolic benefits of FAP inhibition by TB are partially attenuated in GLP-1R**^**−/−**^ **mice**. (**A**--**C**) Effects on (**A**) body weight change, (**B**) food intake and (**C**) fasting blood glucose change of male GLP-1R^−/−^ mice treated daily with vehicle or TB (0.3 mg/kg) for 6 days. Data are presented as mean ± SEM; n = 8; \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001, determined by ANOVA comparing effects following compound administration to vehicle treatment in WT mice. ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, and ^\#\#\#^*P* \< 0.001, determined by ANOVA comparing effect of GLP-1R ablation to WT mice. ^\$^ *P* \< 0.05, ^\$\$^ *P* \< 0.01, and ^\$\$\$^ *P* \< 0.001, determined by ANOVA comparing effect following compound administration to vehicle treatment in GLP-1R^−/−^ mice. In all comparisons, ANOVA was followed by Tukey *post hoc* multiple comparison analysis to determine statistical significance.

**Supplemental Figure 5**. **Chronic FAP inhibition by TB has minimal effects on plasma half-life of GLP-1 in DIO mice**. Effects on total and intact plasma GLP-1 of DIO mice treated daily with vehicle or TB (0.03, 0.1, 0.3 and 1 mg/kg) for 16 days. Data are presented as mean ± SEM; n = 8; \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001, determined by ANOVA comparing effects following compound administration to vehicle treatment. ANOVA was followed by Tukey *post hoc* multiple comparison analysis to determine statistical significance.

We would like to thank Jenna Holland, April Haller, Joyce Sorrell, Laura Sehrer, Heidi Hofmann, Luisa Müller, Teayoun Kim and Christine Loyd for their excellent technical assistance with in vivo experimentation.

Supplementary data related to this article can be found at [http://dx.doi.org/10.1016/j.molmet.2016.07.003](10.1016/j.molmet.2016.07.003){#intref0010}.

![**Metabolic consequences of FAP inhibition at high TB doses and acute TB metabolic effects in DIO mice**. (**A**--**B**) Effects on (**A**) body weight change and (**B**) *ad libitum*-fed blood glucose of male DIO mice treated daily with vehicle or TB (5 mg/kg and 25 mg/kg) for 3 days. (**C**--**D**) Effects on (**C**) *ad libitum*-fed blood glucose and (**D**) food intake of male DIO mice acutely treated with vehicle or TB (0.04, 0.2, 1 and 5 mg/kg). Data are presented as mean ± SEM; n = 8; \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001, determined by ANOVA comparing effects following compound administration to vehicle treatment. ANOVA was followed by Tukey *post hoc* multiple comparison analysis to determine statistical significance.](gr1){#fig1}

![**Chronic FAP inhibition by TB induces metabolic and glycemic benefits and enhances plasma half-life of FGF21 in DIO mice**. (**A**--**K**) Effects on (**A**) body weight change, (**B**) food intake, (**C**) body composition change, (**D**--**E**) intraperitoneal glucose tolerance, (**F**) plasma insulin, (**G**) insulin tolerance, (**H**) plasma cholesterol, (**I**) total and intact plasma FGF21, (**J**) body weight-corrected energy expenditure and (**K**) real-time respiratory quotient of male DIO mice treated daily with vehicle or TB (0.03, 0.1, 0.3 and 1 mg/kg) for 16 days. In **D**, **E**, **G**, **J** and **K**, only mice treated with vehicle, 0.3 and 1 mg/kg/day were analyzed. The glucose (**D**) and insulin (**G**) tolerance tests were performed in different cohorts of animals at day 7 of treatment. In **K**, shaded regions represent time during the dark cycle of light. Data are presented as mean ± SEM; n = 8; \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001, determined by ANOVA comparing effects following compound administration to vehicle treatment. ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, and ^\#\#\#^*P* \< 0.001, determined by ANOVA comparing effect following compound administration to vehicle (intact FGF21 value) treatment. In both comparisons, ANOVA was followed by Tukey *post hoc* multiple comparison analysis to determine statistical significance. Energy expenditure data were analyzed using ANCOVA, with body weight, fat mass and lean mass as covariates. *P* = 0.002 when compared the highest TB dose (1 mg/kg) to vehicle group. *P* = 0.003 when comparing vehicle and both TB doses.](gr2){#fig2}

![**The metabolic and glycemic benefits of FAP inhibition are blunted in FGF21**^**del**^**mice**. (**A**--**E**) Effects on (**A**) body weight change, (B) body composition, (**C**) fasting blood glucose and (**D**--**E**) oral glucose tolerance of male FGF21^del^ mice treated daily with vehicle or TB (0.3 mg/kg) for 7 days. Data are presented as mean ± SEM; n = 8; \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001, determined by ANOVA comparing effects following compound administration to vehicle treatment. ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, and ^\#\#\#^*P* \< 0.001, determined by ANOVA comparing effect of FGF21 ablation to wild type mice. In both comparisons, ANOVA was followed by Tukey *post hoc* multiple comparison analysis to determine statistical significance.](gr3){#fig3}

![**Chronic FAP inhibition by TB does not have any metabolic influence and does not alter plasma half-life of FGF21 in lean mice**. (**A--D**) Effects on (**A**) body weight, (**B**) food intake, (**C**) body composition change and (**D**) total and intact plasma FGF21 of male lean mice treated daily with vehicle or TB (0.3, 1 and 3 mg/kg) for 12 days. (**E**) Effect of recombinant FAP on FGF21 cleavage *in vitro*. hFGF21 was incubated with recombinant human FAP in the presence or absence of TB for the indicated times in PBS buffer. The products of the enzymatic reaction were resolved on SDS-PAGE and detected with total, N- and C-terminal specific FGF21 antibodies in Western blots. Data are presented as mean ± SEM; n = 8; \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001, determined by ANOVA comparing effects following compound administration to vehicle treatment. ANOVA was followed by Tukey *post hoc* multiple comparison analysis to determine statistical significance.](gr4){#fig4}
